We report on efficient intracavity frequency doubling of a cw diode-pumped Nd:YAG laser on the 4 F 3/2 ! 4 I 9/2 laser transition at 946 nm. The nonlinear crystal used in the experiments was a f irst-order quasi-phasematched f lux-grown KTiOPO 4 crystal (period, 6.09 mm; thickness, 1 mm; length, 9 mm). The f luctuations in the generated second-harmonic wave were lower than 3% at output powers of as much as 500 mW. The overall optical-to-optical efficiency was 5.7%. A maximum output power of 740 mW of blue light was generated, which was stable for only 0.5 min. The decrease the output power at this power level was attributed to heating and thermal lensing in the periodically poled KTiOPO 4 crystal. The short-term behavior of the second-harmonic wave exhibited switching between a cw mode and chaotic intensity f luctuations. © 1999 Optical Society of America OCIS codes: 140.3540, 140.3590, 140.7300, 190.2620, 190.4400.
Frequency conversion of diode-pumped solid-state lasers with periodically poled nonlinear crystals such as LiNbO 3 , 1,2 LiTaO 3 , 3, 4 and KTiOPO 4 (KTP; Refs. 5 and 6) into the visible and UV spectral regions is a widely investigated research field. Periodically poled crystals benefit from the possibility of phase matching any nonlinear process and thus are limited only by the transparency range of the crystal. The quasi-phase-matching approach permits access to the highest nonlinear coeff icient, which is the d 33 coeff icient in the crystals mentioned above, and avoids any walk-off problems because parallel polarizations along the crystal main axis are used. KTP offers the possibility of quasi-phase-matched second-harmonic generation at room temperature because the resistance to photorefractive damage is substantially greater than in LiNbO 3 and LiTaO 3 ; therefore no additional heating of the crystal is necessary. Another advantage of periodically poled KTP (PPKTP) is that thicker crystals can be poled because of their lower coercive field compared with LiNbO 3 and LiTaO 3 .
Extracavity frequency doubling in a single-pass conf iguration with long periodically poled crystals is a simple and efficient method to achieve cw coherent light in the visible spectral region. A conversion eff iciency of 42% was demonstrated by single-pass frequency doubling in periodically poled LiNbO 3 at 532 nm. 7 However, there is a lack of cw, good beam quality, narrow bandwidth, diode-pumped solid-state lasers in the spectral region near 900 nm that have suff iciently high output powers for efficient single-pass second-harmonic generation into the blue spectral range. As much as 49 mW of blue light was generated in a first-order quasi-phase-matched
Intracavity second-harmonic generation offers the possibility of generating output powers of a few hundred milliwatts. A blue output power of 550 mW with bulk b-BaB 2 O 4 as the nonlinear crystal was the highest value reported previously. 8 The first investigation of an intracavity frequency-doubled 946 nm Nd:YAG laser with periodically poled LiNbO 3 was made by Harada et al. 9 However, in their miniature laser setup the blue output power was limited to 6 mW.
We present intracavity frequency doubling with a first-order quasi-phase-matched KTP crystal. A highpower, cw, diode-pumped 946-nm Nd:YAG laser was used as the fundamental laser. As much as 740 mW of output power at 473 nm was achieved at a laserdiode pump power of 13.5 W incident upon the laser crystal, corresponding to an optical-to-optical conversion efficiency of 5.5%. The second-harmonic output power on the microsecond time scale is characterized by switching between two distinct modes of operation: a cw mode and chaotic intensity f luctuations.
We used a PPKTP crystal with a grating period of 6.09 mm to achieve first-order quasi-phase-matched second-harmonic generation of 946 nm at room temperature. The PPKTP crystal had a length of 9 mm and an aperture of 5 mm 3 1 mm. The fundamental laser wave was propagating along the x axis of the crystal. Domain inversion of the KTP crystal was achieved by electric-f ield poling. The poling procedure was as follows: (i) First the c 2 side of the crystal was Rb exchanged in 100% RbNO 3 at 350 ± C for 3.5 h to reduce the surface conductivity, which permits controlled poling of the f lux-grown KTP crystal. 10 (ii) The c © 1999 Optical Society of America with the appropriate periodicity (i.e., 6.09 mm) to form periodic electrodes consisting of a saturated KCI water solution. (iii) Finally, the 1-mm-thick crystal was poled with four 6-ms-long voltage pulses at U 1.9 kV. To characterize the PPKTP crystal, we measured a temperature-tuning curve of the second-harmonic output power in a single-pass configuration. The fundamental source was a Nd:YAG laser at 946 nm with a polarized output power of as much as P v 2.6 W, beam quality of M 2 # 1.6 in the horizontal plane and M 2 # 4 in the vertical plane, and a spectral width of Dl FWHM 0.15 nm.
The Nd : YAG laser beam was focused to an elliptical spot size of A p ͓53 3 36͔ mm 2 into the PPKTP crystal. According to the theory of Boyd and Kleinman, the plane-wave approximation is valid for this spot size. 11 The temperature dependence of the generated second-harmonic wave and the theoretical temperature-tuning curve following the sinc 2 function are illustrated in Fig. 1 . We calculated the sinc 2 function by using the refractive-index data of Fan et al. 12 The FWHM of the theoretical fit curve is DT FWHM 5 ± C, which corresponds to an effective nonlinear interaction length of L eff 5.3 mm. A maximum blue output power of 20.5 mW was achieved at an incident pump power of 2.6 W. From this the effective nonlinearity can be calculated to be d eff 7.7 pm͞V, corresponding to a nonlinear coeff icient of d 33 11.8 pm͞V. This value for the nonlinear coefficient is lower than previously published results for green light generation in PPKTP. 5 This lower value can be attributed to one or more kinds of imperfection in the grating structure: missing domains or unpoled regions, unwanted domain inversion (i.e., polarization switching under insulated parts of the periodic electrode), and dead zones between the domains. The presence of dead zones is explained by a loss of nonlinearity owing to the gradual change of the polarization direction in the domain boundary. The typical size of such a dead zone is ϳ1 mm. 2 ) with a numerical aperture of 0.27. The composite laser crystal was 9 mm long, with a 3-mm center doped with neodymium (1% doping concentration) and a 3-mm-long undoped end cap of YAG diffusion bonded to each side of the gain crystal. The circular aperture of the Nd:YAG crystal was 3 mm. To achieve efficient heat removal, which is essential for this quasi-three level laser, we mounted the laser crystal in a water-cooled f low box ͑T water 15 ± C͒. To reduce the losses in the cavity we antiref lection coated the laser crystal at the laser wavelength and coated it for high transmission at the pump wavelength. The four-mirror cavity (Fig. 2) was designed to achieve efficient laser operation and to minimize the effects of the thermal lens in the Nd:YAG crystal. The radius of the laser mode in the temperature-controlled PPKTP crystal was w 90 mm, as determined by ABCD-matrix calculations. The cavity length was not actively stabilized, and no special vibration isolation was used.
To increase the frequency-doubling efficiency we polarized the Nd:YAG laser by introducing a Brewster plate into the resonator. As was suggested by Clarkson et al., 14 we inserted a quarter-wave plate between the incoupling mirror and the laser crystal to decrease the losses at the Brewster plate that are due to the thermal birefringence in the Nd:YAG crystal. The insertion of the quarter-wave plate resulted in an improvement of 15% in output power at an incident pump power of 10 W. The beam quality in the fourmirror cavity was M 2 # 1.9 in the horizontal plane and M 2 # 2.3 in the vertical plane at an incident pump power of 9.8 W. The mirrors were coated for high ref lection at the laser wavelength and high transmission at the second-harmonic wavelength. They were also highly transmitting at 1.06 mm to avoid laser oscillation on the competing four-level laser transition in Nd:YAG. The PPKTP and the quarter-wave plate were antiref lection coated at the laser wavelength. Figure 3 displays the blue output power of the frequency-doubled laser versus the pump power incident upon the laser crystal. The blue output power shown is the summed value for both directions of output shown in Fig. 2 . Up to an incident pump power of 8.8 W, corresponding to a blue output power of 500 mW, the second-harmonic output power was stable throughout the measurement period (i.e., tens of minutes). We observed no degradation of the blue output power during 2 h of observation at a slightly lower blue output level of 383 mW ͑P incident 6.7 W͒. The spectral width of the second-harmonic wave was ϳ0.1 nm. Figure 4 shows a trace of the blue output power for 4 min. The f luctuations in output power are less than 3%. The high-frequency noise observed with a fast photodiode showed a bistable behavior. Figure 5 displays the short-time behavior. The blue light beam was chopped outside the cavity. We observed switching between cw operation and the typical chaotic intensity f luctuations in intracavity frequency-doubled lasers. 15 The residual noise of the cw mode is due to the noise of the photodiode. The reason for this bistable behavior is not clear and is still under investigation. The optimum phase-matching temperature of the PPKTP was 27.6 ± C. We obtained the maximum output power of 740 mW at 473 nm (downwardpointing triangles in Fig. 3 ) by aligning the cavity at an incident pump power of 8 W and then increasing the pump power to 13.5 W and simultaneously decreasing the temperature of the PPKTP to 26 ± C. The blue light at this power level was stable only for ϳ0.5 min and then decreased to well below 100 mW. At the same time the intracavity power also decreased. We observed beam degradation of the blue output beam, i.e., multi-transverse-mode operation. This indicates, together with the need to decrease the temperature, an absorption of the fundamental and the second harmonic in the PPKTP crystal, leading to thermal lensing effects and to absorption-induced heating and detuning from phase matching. Another possible explanation for this behavior is that photorefractive effects in the PPKTP crystal appeared at this power level. However, further investigations are necessary for an understanding of this effect in more detail. No permanent damage was observed in the PPKTP crystal, indicating a resistance to gray tracking even at these high power levels.
In conclusion, we have presented a cw, intracavity frequency-doubled 946-nm Nd:YAG laser with a bulk periodically poled KTP crystal, quasi-phase matched in first order. The effective nonlinear interaction length of the 9-mm-long PPKTP crystal was determined to be L eff 5.3 mm. A total blue output power of 740 mW was achieved at an incident laser diode pump power of 13.5 W. At output powers of as much as 500 mW the blue output power was stable on a time scale of tens of minutes. The decrease of the blue output power at higher pump powers was attributed to absorptioninduced heating problems and to thermal lensing in the PPKTP crystal. These instability problems at high pump powers could probably be avoided with looser focusing in the nonlinear crystal or by design of the quasi-phase-matching grating to compensate for the absorption-induced heating and detuning from phase matching.
